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TABULATED CROSS SECTIONS FOR HYDROGEN AND HELIUM PARTICLES 
PRODUCED BY 62-MeV AND 29-MeV PROTONS ON 2 7 A l  

F. E.  Bertrand and R.  W. P e e l l e  

ABSTRACT 

Tabulated d i f f e r e n t i a l  c r o s s  s e c t i o n s  are  presented 
f o r  t h e  product ion  of pro ton ,  deuteron ,  t r i t o n ,  helium-3, 
and a lpha  p a r t i c l e s  from 2 7 A l  bombarded by 62- and 29-MeV 
pro tons .  A t  62 MeV,  continuum c r o s s  s e c t i o n s  are  l i s t e d  
a t  18 ang le s  from 12 deg through 160 deg, wh i l e  a t  29 MeV 
d a t a  are g iven  a t  only t h r e e  ang le s .  The low-energy c u t -  
o f f s  on t h e  s p e c t r a  range  from 3 t o  6 MeV. Angular d i s -  
t r i b u t i o n s  are  g iven  f o r  e x c i t a t i o n  by 62 M e V  protons of 
s ta tes  a t  0 ,  2.2, 2.7,  and 3.0 M e V  i n  27Al, and a t  0 ,  1.06, 
2.07, and 4.7 MeV i n  2 6 A l .  

The d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  t h e  product ion of pro ton ,  deu- 

t e r o n ,  t r i t o n ,  helium-3, and a lpha  p a r t i c l e s  produced by bombardment of 

t a r g e t s  by 62-, 39-,  and 29-MeV pro tons  were measured over a secondary 

energy range f r o m - 3 t o  62 M e V .  The d e t a i l s  of t h e  exper imenta l  system 

and da ta  a n a l y s i s  have been r epor t ed  e 1 s e w h e r e . l ~ ~  This  r e p o r t  g ives  

t h e  t abu la t ed  c r o s s  s e c t i o n s  f o r  t h e  secondary charged p a r t i c l e s  from 

2 7 A l  bombardment by 61.5- and 28.8-MeV pro tons .  

The i n c i d e n t  pro tons  were a c c e l e r a t e d  by t h e  Oak Ridge Isochronous 

Cyclo t ron ,  momentum analyzed i n  a 153-deg magnet and focused on t h e  tar-  

g e t  i n  a s p o t  of approximately 8-mm d i a m e t e r .  The r e a c t i o n  p a r t i c l e s  

from t h e  t a r g e t  were de tec ted  i n  a n  a l l  s o l i d - s t a t e ,  th ree-counter  

t e l e s c o p e  u t i l i z i n g  l i t h i u m - d r i f t e d  germanium as t h e  t o t a l  abso rp t ion  

d e t e ~ t o r . ~  

w a s  approximately 180 keV (FWHM) f o r  most of t h e  da t a  r epor t ed  he re .  

The secondary -pa r t i c l e  type  w a s  determined by a combination of AE vs E 

and f l i g h t  t i m e  v s  E methods which permit ted unambiguous i d e n t i f i c a t i o n  

over t h e  whole r epor t ed  energy range .  Data w e r e  obtained from four  

A D C ' s  f o r  each event ,  processed i n  an  on- l ine  PDP-8 conputer ,  and w r i t t e n  

on magnetic t ap€ .  The d a t a  were analyzed on t h e  ORNL IBM-360 and CDC-1604 

computers and on t h e  PDP-8. 

The o v e r a l l  energy r e s o l u t i o n  a t t a i n e d  by t h e  spec t rometer  
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Three aluminum t a r g e t s  w e r e  used and i n  each case t h e  t a r g e t s  were 

commercially a v a i l a b l e  aluminum f o i l .  The th i cknesses  and nonuniformit ies  

of t h e  t h r e e  f o i l s  are l i s t e d  i n  Table 1, along w i t h  experimental  param- 

e t e r s  and e s t i m a t e d  u n c e r t a i n t i e s .  The th i ckness  of t h e  t a r g e t  w a s  t h e  

l i m i t i n g  f a c t o r  f o r  t h e  low-energy c u t o f f  of t h e  a lpha  s p e c t r a  wh i l e  t h e  

o the r  p a r t i c l e  s p e c t r a  were l i m i t e d  by experimental  f a c t o r s  shown i n  

Table 2 .  A l i s t  of t h e  f a c t o r s  by which counts  a r e  m u l t i p l i e d  t o  g i v e  

m i l l i b a r n s  ( s t e rad ian ) - '  ( l a b o r a t o r y  system) are given f o r  each a n g l e  i n  

Table 3 .  

The d a t a  t abu la t ed  i n  t h i s  r e p o r t  have been co r rec t ed  f o r  t h e  e f f e c t s  

o f :  nuc lea r  r e a c t i o n s  i n  t h e  germanium d e t e c t o r ,  "dead" l a y e r  i n  t h e  path 

of t h e  scattered p a r t i c l e s ,  m u l t i p l e  s c a t t e r i n g  of t h e  secondary protons 

by t h e  AE d e t e c t o r s ,  energy lo s s  from t h e  s c a t t e r e d  p a r t i c l e s  i n  t h e  tar- 

g e t ,  t h e  e f f e c t i v e  narrowing of t h e  c o l l i m a t o r  a p e r t u r e  by t h e  beam s p o t  

s i z e  and alignment,  and c o l l i m a t o r  edge p e n e t r a t i o n  by t h e  scattered 

p a r t i c l e s .  These c o r r e c t i o n s  are descr ibed i n  r e f s .  1 and 2. 

The magnitudes of t h e  " ta i l "  c o r r e c t i o n s  f o r  n u c l e a r  r e a c t i o n s  i n  

t h e  germanium d e t e c t o r  and f o r  c o l l i m a t o r  edge p e n e t r a t i o n  are both depen- 

dent  upon t h e  number and s p e c t r a l  d i s t r i b u t i o n  of recorded counts .  These 

c o r r e c t i o n s  a r e  s i g n i f i c a n t  only f o r  protons a t  s c a t t e r i n g  ang le s  less than  

about 30 deg, where t h e  s p e c t r a  are dominated by s t r o n g  e l a s t i c  s c a t t e r i n g ,  

and g e n e r a l l y  f a l l  r a p i d l y  wi th  a n g l e  w i t h i n  t h a t  range. 

i n  t h e  c o r r e c t i o n  f o r  c o l l i m a t o r  p e n e t r a t i o n  i s  taken as 20% of t h e  co r -  

r e c t i o n ,  which i s  approximately p ropor t iona l  t o  p u l s e  he igh t .  This un- 

c e r t a i n t y  i s  s i g n i f i c a n t  only a t  12  deg, as shown i n  t h e  t a b l e  below. 

The u n c e r t a i n t y  i n  t h e  r e a c t i o n  t a i l  c o r r e c t i o n  i s  taken as 25% of t h e  

c o r r e c t i o n ,  which r ises from ze ro  t o  i t s  f u l l  va lue  between 35 and 45 MeV 

and then  remains roughly c o n s t a n t  up t o  t h e  e l a s t i c  peak. 

s e c t i o n  u n c e r t a i n t y  i n  t h e  s tandard c o r r e c t i o n  i s  t abu la t ed  below f o r  t h e  

runs i n  which i t  i s  s i g n i f i c a n t .  These u n c e r t a i n t i e s  must be combined 

w i t h  t h e  o v e r a l l  u n c e r t a i n t i e s  of Table 1 and w i t h  s ta t i s t ica l  uncer- 

t a i n t i e s .  

The u n c e r t a i n t y  

The c r o s s  
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an  appa ren t  continuum (presumably c o n s i s t i n g  of many weakly exc i t ed  and 

unresolved l e v e l s )  w a s  sub t r ac t ed  from t h e  d a t a .  For example, i n  F ig .  1, 

a smooth continuum w i t h  magnitude va ry ing  from - 1 t o  0.5 mb/sr/MeV 

would be s u b t r a c t e d  from t h e  peaks between 50 and 55 MeV.  Tables  4-7 g ive  

t h e  e las t ic  s c a t t e r i n g  c r o s s  s e c t i o n s  and t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  

f o r  t h e  2.21-, 2.73-, and 3.03 MeV l e v e l s  obtained from t h e  2 7 A l  data. 

From t h e  27Al(p,d)26A1 r e a c t i o n  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  t h e  

ground s t a t e  (Q = -10.83 M e V ) ,  1.06-,  2.07-, and 4.73-MeV l e v e l s  i n  2 6 A 1  

were obtained.  These c r o s s  s e c t i o n s  are l i s t e d  i n  Tables 8-11. The Q 

v a l u e s  g iven  f o r  t h e  l e v e l s  l i s t e d  a r e  those  va lues  obtained i n  t h e  ex- 

periment and are u n c e r t a i n  by k 0.02 MeV. The e n e r g i e s  of t h e  observed 

low l y i n g  l e v e l s  are i n  good agreement w i t h  known l e v e l s .  Although 

levels are seen i n  t h e  t r i t o n  and helium-3 p l o t s ,  d i f f e r e n t i a l  c r o s s  

s e c t i o n s  f o r  t h e  observed l e v e l s  have no t  been e x t r a c t e d .  It should be 

noted t h a t  t h e  e r r o r s  shown on t h e  c r o s s  s e c t i o n s  l i s t e d  i n  Tables 4-11 

and on o t h e r  da t a  t a b l e s  t o  be discussed below are  based on count ing 

s t a t i s t i c s  only and must be used w i t h  t h e  s y s t e x a t i c  u n c e r t a i n t i e s  (5% 

o v e r a l l )  i n  Table 1. 

S ince  da t a  were obtained a t  only t h r e e  ang le s  f o r  i n c i d e n t  28.8 M e V  

p ro tons ,  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  t h e  peaks observed w e r e  n o t  

e x t r a c t e d .  However, t h e  e l a s t i c - s c a t t e r i n g  c r o s s  s e c t i o n s  f o r  t h e  t h r e e  

ang le s  are  l i s t e d  i n  Table 12. I n t e g r a l s  over ang le  a r e  no t  presented 

i n  t h e  r e p o r t  f o r  28.8-MeV protons due t o  t h e  s m a l l  number of d a t a  ang le s .  

Table 13 i s  a l i s t  of t h e  binned c r o s s  s e c t i o n s  i n t e g r a t e d  over 

a n g l e  f o r  each p a r t i c l e  t ype ,  f o r  62-MeV i n c i d e n t  protons,  i n  u n i t s  of 

millibarns/MeV, and t h e  energy l i s t e d  i s  f o r  t h e  lower edge of each b in .  

Table 14 shows t h e  energy i n t e g r a t e d  l a b o r a t o r y  c r o s s  s e c t i o n s  a t  each 

a n g l e  i n  u n i t s  of m i l l i b a r n s / s t e r a d i a n ,  and t h e  average ene rg ie s  i n  M e V ,  

f o r  both 62- and 28.8-MeV i n c i d e n t  protons.  This t a b l e  a l s o  l i s t s  t h e  

low-energy c u t o f f  f o r  each p a r t i c l e  type a t  each angle .  The t o t a l  c r o s s  

s e c t i o n s ,  i n  m i l l i b a r n s ,  average e n e r g i e s  i n  MeV and average forward 

momenta i n  MeV/c, f o r  t h e  observed proton,  deuteron,  t r i t o n ,  helium-3, 

and a lpha  p a r t i c l e s  are l i s t e d  i n  Table 15 f o r  62'-MeV i n c i d e n t  protons.  

The secondary proton c r o s s  s e c t i o n s  l i s t e d  i n  t h e  t a b l e s  do no t  i nc lude  
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Uncer t a in ty  from r e a c t i o n  Uncertainty from c o l l i m a t o r  
Angle t a i l  c o r r e c t i o n  a t  45 M e V  edge p e n e t r a t i o n  a t  45 M e V  

62 MeV 

-1 
12 deg f .45 mb (ster-MeV)-l f 0.09 mb (ster-MeV) 

15 deg rt .30 

30 deg rt: .01 

29 MeV 

11 deg f .36 

30 deg k .04 

A l a r g e  amount of t a i l ,  uncompensated by t h e  s tandard t a i l  c o r r e c -  

t i o n s ,  has been found i n  t h e  62-MeV, 25-deg d a t a .  Presumably i t  w a s  

caused by d e t e c t o r  malalignment. To c o r r e c t  f o r  t h e  e x t r a  t a i l ,  

0.38 f .25 mb(ster-MeV)-' w a s  sub t r ac t ed  from t h e  25 deg proton d a t a  be- 

tween e n e r g i e s  of 45 and 62 M e V ,  and a dec reas ing  amount w a s  sub t r ac t ed  

i n  t h e  r eg ion  between 35 and 45 MeV.  The peak c r o s s  s e c t i o n s  a t  25 deg 

were correspondingly increased by 12% rt 8%. The u n c e r t a i n t i e s  on t h e s e  

excess r e a c t i o n  t a i l s  have been included i n  t h e  t abu la t ed  da ta .  

F igu res  1-10 show t h e  proton,  deuteron,  t r i t o n ,  helium-3, and a lpha  

s p e c t r a  from aluminum a t  30 deg f o r  both 62- and 29-MeV i n c i d e n t  protons.  

This d a t a  w a s  taken using t h e  t h i n n e s t  of t h e  aluminum t a r g e t s ,  t h e  only 

t a r g e t  t h i n  enough t o  a l low obse rva t ion  of t h e  evapora t ion  peak i n  t h e  

a lpha  spectrum. 

The spectrum of protons,  deuterons,  t r i t o n s , a n d  helium-3's a t  62 MeV 

show t h e  presence of a number of c l o s e l y  spaced peaks from e x c i t a t i o n  of 

l e v e l s  i n  t h e  r e s i d u a l  n u c l e i .  This i s  p a r t i c u l a r l y  t h e  c a s e  f o r  t h e  

i n e l a s t i c  proton spectrum where only a few of t h e  many l e v e l s  observed 

i n  Fig.  1 appear t o  be due p r imar i ly  t o  e x c i t a t i o n  of a s i n g l e  s ta te .  

D i f f e r e n t i a l  c r o s s  s e c t i o n s  were obtained f o r  t hose  p a r t i c l e  groups 

whose pulse-height  r e s o l u t i o n  appeared c o n s i s t e n t  w i t h  t h a t  expected 

from a s i n g l e  l e v e l  (150 t o  200 keV) and which could be separated from 

nearby groups. I n  some c a s e s ,  i n  order  t o  o b t a i n  t h e  peak c r o s s  s e c t i o n s ,  
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t h e  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n ,  w h i l e  t h e  c r o s s  s e c t i o n s  f o r  t h e  

o t h e r  secondary p a r t i c l e s  i nc lude  a l l  observed even t s .  

Tables  16-20 l i s t  f o r  each a n g l e  t h e  l a b o r a t o r y  c r o s s  s e c t i o n s  f o r  

proton,  deuteron,  t r i t o n ,  helium-3, and a lpha  p a r t i c l e  product ion from 

62-MeV i n c i d e n t  protons on 27Al, binned i n  0.4-MeV w i d e  b ins  a t  low 

e n e r g i e s  and 1-MeV wide b ins  e lsewhere,  i n  u n i t s  of m i l l i b a r n s  

(steradian)-’(MeV)-’. 

Tables 21-25 l i s t  t h e  c r o s s  s e c t i o n s  f o r  t h e  above p a r t i c l e s  produced by 

28.8-MeV i n c i d e n t  protons.  Cross s e c t i o n s  are l i s t e d  f o r  e n e r g i e s  above 

t h e  c u t o f f s  l i s t e d  i n  Table 14. 

The b i n  ene rg ie s  l i s t e d  are  t h e  c e n t e r  of t h e  b ins .  
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Table 1. Experimental Parameters and Uncertainties 

27Al Targets 

62-MeV 
Thi cknes s e s 5.20 + 0.052; 3.80 + 0.038; 1.23 + 0.012 rng/cm2 
Nonuniformities It 1% It 1% z 1.5% 

29-MeV 
Thickness 
Nonuniformities f 1.5% 

1.23 - + 0.012 mg/cm2 

Beam Energies 
0100 runs 
2000 runs 
7000 runs 
0000 runs 

61.50 - + 0.1 MeV 
61.89 + 0.1 MeV 
60.86 0.1 MeV 
28.81 - 7 0.1 MeV 

Collimators Used: 
Material Thickness Area(fl.5%) Distance(f1 

0100 runs Ta 0.432 cm 0.522 cm” 45.8 
0000 runs Ta 0.013 cm 0.522 cm” 45.8 
2000 runs Ni 0.653 cm 0.183 cm” 46.2 
7000 runs Ni 0.653 cm 0.265 cm” 46.4 

+ 0.5 deg 
+ 0.5 deg 
+ 1.2 deg 
+ 0.5 deg 
0.8 cm 
* 0.4 ern 

chamber center f 0.5 em 

- Detector Angle 

Zero Angle - 
Angular Resolution - 
Target Angle - 
Beam Spot Diamet er 
Beam Spot ”Walk” 

Collimator misalignment at 

K ( for  Collimator Scattering 
Correction) 0100 - 2.2 

7000 - 3.2 0000 - 2.2 
2000 - 4.2 

Uncertainty in various corrections to data 
Uncertainty in number of Protons striking 

f 1% 

target f: 1% 

f 276 Uncertainty in dead time measurement 

Combined Ab solute Uncertainty 5% 



10 

27 Table 2 ,  Al Low-Energy Data Cutoffs 

Par t ic le  'Q-pe Cutoff Reason 

Proton 

D eut er on 

Triton 

Helium- 3 

Alpha 

Proton 

Deuteron 

Triton 

Helium- 3 
Alpha 

62 MeV 

2.8-3.4 MeV TOF "fold over" 

2.3-2.9 MeV TOF "fold over" 

6.2-6.6 MeV Mass 3 arribiguity and ta rge t  
thickness 

6.6 MeV Mass 3 ambiguity and ta rge t  
t h i  ckne s s 

13.1 MeV Lack of TOF data 

2.8-5.7 MeV Target thickness 

14.5 MeV Lack of TOF data 

29 MeV 

1.8 MeV Target thickness 

1.7 MeV Target thickness 

6.2 MeV Mass-3 ambiguity 

6.6 MeV Mass-3 ambiguity 

2.5 MeV Target thickness 
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Table 3. L i s t  of Angles, Run Numbers, and Factors 
~~ ~ 

Lab Angle 
(deg 1 Run Number Factora 

1 2  
15 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
82 
90 

110 
135 
160 

62 MeV 

0117 
o n 6  
2047 
7106 
2004 
2035 
7101 
2040 
2043 
010 4 
2046 
2030 
2021 
2025 
o l l o  
0107 
2065 
2066 

28.8 MeV 

11 
30 
60 

0033 
0026 
0034 

5.245(-3jb 
8.4.40 (-3 

2.920 ( - 4) 
1=253(-3) 

5.557 (-4) 
4.4ll(-4) 
2.522 (-4) 

3.604( -4)  
3.500(-4) 
1.310(-4) 
1 7 48 ( - 4) 
3.502 (-4) 
2.783 (-4) 
2=369(-3) 
1.126 (-3 ) 

2.2i0 (-3 j 
9 598 ( - 4) 

a)Number by which counts  are m u l t i p l i e d  t o  g i v e  l abora to ry  system 
m i l l i b a r n s  / s  terad i an .  

b ) read  as 5.245 x 
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Table 4. Tabulated Different ia l  

27Al(P,P)27A1 
Ep = 62 MeV 

Elast ic  Scattering 

Cross Sections 

Cross Section Cross Section S t a t i s t i c a l  
Lab Angle C.M. Angle (Lab) (C.M.) Uncertainty 

(deg 1 ( d e d  (mb/sr) (&/sr 1 (2 4') 
12 
15 
20.8 
25 

30 
35 
40 
45 
50 

55 

60 
65 
70 
75 
82 
90 
110 

~ ~- 

12.5 
15.6 
2 ~ 6  

31.0 

36.3 

25.9 

41.5 
46.5 
51.6 
56.7 
61.9 
66.9 
72.1 
77.1 
84.1 
92.3 
117.2 

2002.1 

1463.7 
334.1 
136.62 
49.26 
26.82 

21.63 
6.71 
2.98 
2.33 
1.49 
1.05 

22.74 

0.523 

0.221 

0.136 
0.046 

1858. o 
1358.8 
310.8 
127.32 
37 67 
25.17 

20.47 
6.39 

21.52 

2.85 
2.25 

1.44 
1.03 

0.229 
0.136 

0.513 

0.047 

0.1 
0.2 

0.5 

0.8 
0.2 

0.4 
0.4 
0.3 
0.7 
1.1 

1.7 

1.8 
1.6 
2.8 

8.0 

1.5 

5.1 



Table 5. Tabulated Different ia l  Cross Sections 

z7 AI (p,p 1 l z 7 ~ 1  
Ep = 62 MeV 

Q = -2.21 MeV 

Cross Section Cross Section S t a t i s t i c a l  
Lab Angle C. M. Angle (Lab ) (C.M.) Uncertainty 

(deg 1 (deg) (&/sr) (mb/sr 1 (2  %I 

15 

20.8 
25 

30 
35 
40 
45 
50 

55 

60 
65 
70 
75 
82 
90 
110 

15.6 
21.6 
26. o 
31.1 

36.3 
41.4 
46.5 
51.6 
56.8 
61.9 
67.0 
72.1 

77-2 
84.2 
92.3 
33.2.2 

3.66 
3.26 

3.97 
3-13 
1.12 

0.434 
0.478 
0.414 
0.312 
0.269 
0.136 
0.116 

0.063 
0.035 

0.024 
0.0075 

3.39 
3.03 
3 -70 
2.92 

0.409 
0.452 

0.394 
0.298 
0.258 
0.131 
0.113 
0.083 
0.063 

1. 05 

0.024 
0.0077 

8.0 
1.0 

2.3 
39 6 
2.4 
3.2 
3.'5 
5.1 
5.2 

5.7 
4.3 

12.9 
5.5 

21.2 
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Table 6. Tabulated Different ia l  

27Al(p,pf )27Al 
E = 62 MeV 

Q = -2.73 MeV 
P 

C r o s s  Sections 

~ ~~ 

Cross Section Cross Section S t a t i s t i c a l  

15 
25 

30 

35 
40 
45 
50 
55 

60 

65 
70 

75 
82 
90 
110 

15.6 
26.0 

31.1 

36- 3 
41.5 
46.5 
51.6 

56.8 

61.9 
67.0 

72.1 

77.2 
84.2 
92.3 
112.2 

2.40 

1.04 
0.40 
0.377 

0.164 

0.103 
0.091 

0.026 
0.023 

0.235 

0.143 

0.042 

0.012 

0.0047 

0.0023 

2.22 

0.97 
0.374 

0- 353 
0.222 

0.155 

0.140 

0.099 
0.088 

0.040 
0.025 

0.022 

0.012 

0.0047 

0.0023 

IL 6 
8.0 
4.5 

5.1 
5.8 

4.8 
5.6 

6.8 
9.2 
10.3 

14.5 

8.3 
16. o 
33.5 
37.0 
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Table 7. Tabulated Different ia l  Cross Sections 

27A1 (p, p y7A1 
IEp = 62 MeV 

Q = -3.03 MeV 

Cross Section Cross Section S t a t i s t i c a l  
Lab Angle C.M. Angle (Lab (C. Me ) Uncertainty 

(deg) (mb/sr (&/sr 1 (2 %) 

15 
20.8 
25 

30 
35 
40 
45 
50 
55 

60 
65 
70 
75 
82 
90 
110 

15.6 
21.6 
26. o 
31.0 

36- 3 

46.5 

56.8 
61.9 
67.0 
72.1 
77.2 
84.2 
92.3 
112.2 

41.5 

51.7 

1.28 
3.51 

4.50 
3.31 
1.34 

0.578 
0.478 
0.374 
0.253 

0.140 
0.082 
0.078 
0.050 

0.039 
0.0052 

0.491 

1.19 
3.26 

3.10 
1.26 
0.463 
0.546 
0.455 

0.358 

0.136 
0.080 

0.076 

4.19 

0.243 

0.049 
0.039 
0.0054 

20.9 
7.3 
8.0 
1.0 
2.6 
3.0 
2.1 

3.2 
3.1 
6.6 
6.0 
6.8 
4-7 
6.9 
10.4 
23.3 
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Table 8. Tabulated Different ia l  Cross Sections 

27Al (p, d)26A1 
E = 62 MeV 

Q = -10.83 MeV 
Ground State  

P 

Cross Section Cross Section S t a t i s t i c a l  
Lab Angle C.M. Angle (Lab) (C.M. ) Uncertainty 

(deg 1 (&/sr) (&/sr 1 (2  %) 

15 

20.8 
25 

30 
35 
40 
45 
50 
55 

60 
65 
70 
75 
82 
90 
110 

16. o 
22.0 

26.4 
31.7 
37.0 
42.3 
47.4 
52.6 
57.8 
63. o 
68.1 
73.2 
78.3 
85.4 
93.5 
113- 3 

3-67 
1.44 
1.34 
1.20 

1.04 
0.642 
0.547 
0.313 
0.219 
0.191 
0.107 
0.073 
0.047 
0.037 
0.017 
0.0030 

3.27 
1.28 
1.21 

1.08 
0.943 
0.587 

0.290 

0.180 
0.102 

0.070 
0.046 
0.036 
0.017 
0.0031 

0.503 

0.205 

5.0 

8.8 
3.2 
1.6 
2.3 
2.7 
2.1 

3.5 
4.1 
6.2 
5.9 
7.3 
5.5 

7.1 

35.7 
15.2 



Table 9. Tabulated Different ia l  Cross Sections 

"Al (p, d)26Al 
E = 62 MeV 

Q = -11.89 MeV 
1.06-MeV State  

P 

Cross Section Cross Section Statist ical  
Lab Angle C.M. Angle (Lab (C.M. ) Uncertainty 

(deg) b e g  (&/sr (2 %) 

15 

20.8 
25 

30 
35 
40 
45 
50 
55 

60 
65 
70 
75 
82 
90 
110 

16. o 
22.1 

26.4 
31- 7 
37- 0 

42.3 
47.4 
52.6 
57.8 
63.0 
68.1 
73. 2 
78.3 
85.4 
93.5 
113.3 

0.985 
0.494 
0.410 

0.339 
0.310 
0.183 
0.136 

0.067 

0.030 
0.019 

0.013 

0.075 

0.053 

0.015 

0.0035 

0.0024 

0.878 

0.367 

0.281 
0.167 

0.069 
0.063 

0.029 
0.018 

0.013 

0.441 

0.305 

0.125 

0.050 

0.014 

0.0035 

0.0025 

10.7 
16. o 
6.0 
3.1 
4.. 4 
5.3 
9-5 
7.9 
7.9 
11.9 
12.2 

15.5 
10.8 
12.1 

36.7 
35.1 
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Table 10. Tabulated Differential. Cross Sections 

27Al(p, d)26Al 
E = 62 MeV 
P 

Q = -12.90 MeV 
2.07-MeV State  

Cross Section Cross Section Statistical 
Lab Angle C.M. Angle (Lab 1 (C.M.) Uncertainty 

( deg 1 (deg 1 (mb/sr) (d/sr)  (2 %) 

15 
20.8 
25 

30 
35 
40 
50 

55 

69 
65 
70 
75 

16. o 
22.1 

26.4 
31.7 
37- 0 

42.3 
52.6 
57.9 
63. o 
68.1 
73.3 
78.3 

1.12 
1.206 
0.603 
0.464 
0.397 
0.293 
0.145 

0.099 
0.099 
0.073 
0.042 
0.015 

0.994 
1.07 
0.540 
0.417 
0.360 
0.267 

0.092 
0.093 
0.069 
0.040 
0.014 

0.135 

u. 6 
9.9 
4.9 
3.1 
4.1 
4.0 
5.8 
6.5 
8.7 
8.0 
12.7 
15.2 



Table 11. Tabulated Different ia l  Cross Sections 
27 Al (p, d)26Al 

E = 62 MeV 

Q = -15.56 MeV 
4.73-Mev S ta t e  

P 

~ - - - ~ 

Cross Section Cross Section Stat is t ical  
Lab Angle C.M. Angle (Lab) (C.M.) Uncertainty 

(deg) (deg) (mb/sr 1 b / s r  1 (2 %I 

15 

20.8 

25 

30 
35 
40 
45 
50 

55 

60 
65 

70 
75 
82 

90 

16. o 
22.1 

26.4 
31.8 
37.2 
4.2. 3 
47.5 

58.0 

63.1 
68.3 

73.4 
78.3 
85.4 
93.5 

52.7 

0.952 
0.758 
0.642 
0.575 

0.487 
0.368 
0.269 
0.198 
0.11 

0.134 
0.106 

0.045 

0.036 
0.025 

0.015 

0.843 
0.674 
0.573 
0.516 
0.439 
0.334 
0.246 
0.183 
0.103 
0.126 
0.100 

0.043 
0.035 
0.025 

0.015 

16.2 
17.3 

6.5 
2.3 
5.0 

4.8 
4.9 
6.3 
9.7 
9.5 
7- 6 

13.2 
9.7 

12.7 

21.9 
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Table 12. 22Al(p,p)27A1 
E = 28.8 MeV 

Elast ic  Scattering 
P 

Cross Section S t a t i s t i c a l  Error 
Lab Angle (Lab) (&/sr) (+ - mb/sr) 

ll 3240 

30 169 

60 38.0 

6.97 

0.61 

0.19 
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d 
< \ ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
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Table 15. T o t a l  Cross Sec t ions  

2 7 A l  62-MeV I n c i d e n t  Protons 

Proton 705.6 rt 1.0 18.9 82.1 2.4 

Deuteron 88.7 k 0.3 22.5 154.6 2.4 

T r i t o n  8.88 k 0.1 19.4 185.7 6.2 

He lium-3 11.04 rt 0.2 19.7 166.5 6.7 

Alpha 165.0 rt 0.5 9.0 68.6 2.9 

C 

a)average energy 

b)average forward momentum 

‘)the proton c r o s s  s e c t i o n  does no t  i nc lude  e l a s t i c  s c a t t e r i n g  
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TABLE 16 (cont.)  
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TABLE 16 (cont. ) 
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TABU 16 (cont. ) 
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TABLE 17 
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TABLE 17 (cont. ) 
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TABLE 17 (cont. ) 
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TABLE 17 (cont. ) 
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